Abstract-The new-generation Flywheel Energy
INTRODUCTION
Nowadays, power systems face major challenges such as the increasing penetration of renewable energy, high power quality and reliability expectations, and the increasing energy demands during the peak hours. Therefore, the need for Energy Storage Systems (ESS) has escalated, in particular in the Transmission and Distribution (T&D) sector. According to a report by the International Energy Agency (IEA), 310 GW of additional grid-connected ESS is needed in the United States, Europe, China, and India to transform the energy sector over the next 40 years according to the plans [1] .
Grid integration studies of ESS can be accelerated using real-time simulators, as they are getting more cost-efficient and accurate with greater computational power. These simulators solve the differential equations that govern a system in simulation steps of the order of microseconds and even nanoseconds, in case of FPGA-based simulators [2] . This is achieved using a precompiled code, special solvers, and parallel processing. This accelerates the simulation of large power systems and in particular, the ones with a great share of Distributed Energy Resources (DER). Real-time simulation also grants the possibility of Power Hardware-inthe-Loop (PHIL) testing, as a cost-effective, safe and efficient means to test new power system equipment and innovative technologies under various operational scenarios. In fact, researchers have argued that PHIL testing will likely become the major tool for such purposes, in particular regarding grid integration of DER [3] .
A Flywheel Energy Storage System (FESS) can contribute power quality improvement, due to its quick response, high power density, high reliability, long lifetime, and an unlimited number of charging/discharging cycles (independent of the depth of discharge). Moreover, it can also take up the role of spinning reserve and provide energy for a black start, load leveling, ride through support, and unbalanced load compensation. The application of FESS in power systems is commonly investigated in association with grid-connected wind farms [4] - [8] for smoothing power output of wind turbines, or in low-inertia microgrids [9] - [11] . FESSs have also been used for voltage sag mitigation in a shipboard power system [12] . However, less attention has been made to use of FESS in distribution networks and to our knowledge, real-time simulation of FESS has not been carried out. Recently, the use of High-Temperature Superconductors (HTS) bearings has led to a signification reduction in losses in FESS. However, until now, there is no use case of utilizing this new-generation FESS in power systems and applications have been limited to the aerospace and the transportation industry [13] . During the development of such complex systems, real-time simulation models enables testing parts of the system, while the remaining parts is under development.
In [14] , an HIL testing of a new controller for a hybrid energy storage system consisting of Superconducting Magnetic Energy Storage (SMES) and Battery Energy Storage System (BESS) was conducted for microgrid applications, using its real-time models. Also in [15] , a hybrid flow-battery supercapacitor energy storage system, coupled with a wind turbine is simulated in real-time to smooth the power generated. In this work, the designed controller is embedded in a different real-time simulator.
In this paper, a FESS with High-Temperature Superconductive (HTS) bearings has been simulated in a real-time environment. This is an essential step towards Hardware-in-the-Loop (HIL) testing and rapid prototyping of new controllers for the FESS and PHIL testing of parts or the whole the FESS itself [16] . The FESS is simulated in a low voltage distribution grid, supporting the feeder during voltage sags and frequency disturbances. This paper is organized as follows. In section II, the FESS and its components are discussed with a focus on bearing technologies. Section III explains the modeling of the different components of the FESS. The real-time implementation and the results are presented in part IV.
THE CONFIGURATION OF A FESS
A Flywheel Energy Storage system (FESS) consists of several main components: a high-inertia rotor (i.e. the flywheel), an electrical machine, and two back-to-back bidirectional power converters with a common DC link, converter controllers and a filter. The configuration of a conventional grid-connected FESS is illustrated in Fig. 1 .
In general, FESS are grouped into two main categories, i.e. low-speed (less than 6000 rpm) and high-speed (10 4 -10 5 rpm) FESS. A detailed comparison of differences between the two types of the flywheel is presented in TABLE I.
The maximum power of a FESS is limited by the rated power of its electrical machine and the power converters, while its energy content is limited by the inertia of the rotor and its maximum rotational speed. The latter is restricted by the tensile strength of rotor materials, which has improved significantly in recent years by using composite fiber materials [17] . In a FESS, a higher energy density and lower losses are achieved by the use of magnetic bearings. In the following section, a short introduction to different bearing technologies for FESS applications is presented to discuss the use of HTS bearings. The flywheel can also rotate in a vacuum enclosure to remove the losses associated with air friction.
A. Bearings
Flywheel bearings support the weight of the rotor, keep it in position, damp out mechanical oscillations, and allow its free rotation with minimum losses. First generation flywheels use mechanical bearings, which results in high friction losses and maintenance requirements. Magnetic bearings have been suggested as an alternative solution, in which the rotor is suspended in a magnetic field and a vacuum enclosure, eliminating friction losses and wearing. Therefore, they require much less maintenance and lower self-discharge rates are obtained. It is important to note that magnetic bearings lack friction losses, but other losses resulting from geometry and variance in a magnetic field, such as eddy current losses, leakage fluxes, and hysteresis are still present.
Magnetic bearings themselves are categorized into active and passive bearings. Passive bearings use permanent magnets with a combination of High-Temperature Superconductors (HTS). HTS bearings have less intrinsic losses, compared to other types of magnetic bearings. Losses in a FESS with HTS bearings can be as low as 0.1% per hour, including the idle power [18] . Furthermore, the inhomogeneities and defects in HTS form the so-called pinning centers, which prevents the motion of flux lines until the Lorentz force exceeds some critical [19] . This keeps the flywheel rotor in balance and resists its movements. Therefore, it can be said that the rotor is self-stabilizing. In this study, a FESS with HTS bearings has been simulated. The structure of this system is shown in Fig. 2 . 
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A. Permanent Magnet Synchronous Machine (PMSM)
Permanent Magnet Synchronous Machines (PMSM) are the most common choice for high-speed flywheels. Because of the absence of field windings, they can be used in a vacuum enclosure. They also have a high power-to-weight ratio and a robust and simple structure, which leads to a higher reliability.
For modeling the PMSM the following assumptions have been made, which are all common assumptions for transient studies of electrical machines. The stator windings are identical and positioned sinusoidal along the air gap. As the flux generated by the permanent magnets in the stator is sinusoidal, the back-EMF is also sinusoidal. Hysteresis and saturation are neglected. In PMSMs eddy current losses are usually neglected, because the PMs are poor conductors and the eddy currents in nonmagnetic materials holding the PMs is very small [22] .
The PMSM is modeled in the dq-rotating reference frame, which is aligned with rotating flux of the permanent magnets. With the mentioned simplifying assumptions, the PMSM in motor mode is modeled using the Eq. (1)- (4) [23] .
In Eq. (1)- (4), ‫ݑ‬ ୢ୫ and ‫ݑ‬ ୯୫ are the direct-and quadrature-axis stator voltages, ݅ ୢ୫ and ݅ ୯୫ are the d-and qaxis stator currents, ୢ and ୯ are d-and q-axis stator inductances, ୱ is the stator resistance, ߱ ୣ and ߱ ୫ are the electrical and mechanical speed, respectively, ɗ is the permanent magnet flux, ୮ is the number of pair poles, is the rotor inertia, and is the friction coefficient. Here, the friction factor is extremely small, since the FESS utilizes HTS bearings and it rotates in a vacuum enclosure. Also, a surface mounted PMSM is considered here, in which ୢ and ୯ are equal, resulting in a reluctance torque of zero.
B. Voltage Source Converters (VSC)
Depending on the intended study, different converter models can be selected based on the depth of details required for that particular study. This is of crucial importance for real-time simulations. In this paper, the average model has been used for the real-time simulation, since the behavior of the FESS from the grid perspective and after the filters is of interest. The average model has the shortest computation time, since the switching transitions, harmonics, and ripples are removed by averaging over one switching period. Nevertheless, the slower variation of the variables is preserved. In the averaged model, and the VSC is modeled as a three-phase controlled AC voltage source with a small internal resistance as shown in Eq. (5) [24] .
in which j denotes to the three phases, a, b, and c, ݉ ୨ is the modulation index, ܷ ୈେ is the voltage of the DC-side, and ‫ݑ‬ ୨ and ݅ ୨ are the voltage and current of the AC-side, respectively, and ‫ݎ‬ ୭୬ represent the on-state resistance of VSC switch cells. Also, for a lossless converter in linear modulation operation, it can be written,
C. Grid-side Converter Controller. The controller design for both the Grid-Side Converter (GSC) and Machine-side Converter (MSC) are illustrated in Fig. 3 . The description of variables and parameters of the controllers along with parameters of the PMSM and the converters be found in TABLE A-1 of the appendix.
The GSC controls the active and reactive power exchanged between the FESS and the grid. It also has the task of responding to voltage and frequency disturbances. To avoid the operation of the FESS in insignificant disturbances, a deadband has been considered for both voltage and frequency control loops. The AC-side instantaneous voltage is calculated using a rotating frame, which enables immediate detection of any changes in the voltage. To prevent high transient currents, an internal current controller is usually added for such systems. It is assumed that the dqframe for the GSC converter is chosen in a way that the ACside voltage of the GSC is in alignment with d-axis. The Phase-Locked Loop (PLL) maintains the value of the q-axis component of the grid voltage to zero. By doing so and according to Eq. (7) and (8), active and reactive power can then be controlled separately, by adjusting the values d-axis and q-axis (݅ ୢ and ݅ ୯ ), respectively.
Droop-based control systems has been chosen for voltage and frequency regulation. The droop setting for frequency control ( and ) determines how much the active power of the FESS should change in response to a change in frequency, which may differ for positive and negative frequency errors in this design. For the internal current controllers, a feedforward has been added to reduce the high transient current during start-up, which also decouples dynamics of the converter system from those of the AC system and improves its disturbance rejection capability [24] .
D. Machine-side Converter
The machine-side converter controls the PMSM and at the same time maintains the DC-side voltage. This is done by controlling the amplitude and phase of the output voltage of the MSC via the modulation indices. For controlling the PMSM, the maximum torque per Ampere control method is used, in which the objective is to force the d-axis current to zero. This results in maximum electrical torque with same stator current, as shown in Eq. (3).
REAL-TIME SIMULATION RESULTS
All real-time simulations have been carried out on the Opal-RT's OP5600 digital real-time simulator using the Linux-based Hypersim software. Hypersim, originally developed by the Hydro-Quebec's research institute (IREQ), is capable of simulating large scale models of power equipment and grids with up 3000 nodes dependent on the number of available computer cores. It uses the trapezoidal rule of integration as the main numerical method for solving the ODEs [25] .
In this work, the real-time simulation of the studied system including the all the components illustrated in Fig. 4 is achieved with simulation steps of only 10 microseconds.
To validate the model of the FESS in Hypersim, the exact model of the system shown in Fig. 4 including all the components have also been implemented as a MATLAB script. The trapezoidal rule has been used as the numerical solver method to avoid mismatch due to the solver selection. This also improves the numerical stability of the simulations.
As shown in Fig. 4 , the FESS is connected to a medium voltage grid via a 0.4/20 kV transformer. For the medium voltage grid, a Short-Circuit Capacity (SCC) of 100 MVA and X/R ratio of 1 has been considered [26] .The FESS is also supporting a critical load, representing an industrial facility. The model validation has been done by simulating voltage dips and reference step responses. The results of a selection of the scenarios are presented in this paper. 
A. Frequency step response.
In this test, the reference value for the frequency at the GSC controller has been altered from 50 Hz to 51 to show the dynamic behavior FESS and its controllers. Since the FESS is connected to a rigid grid, obviously it cannot change the grid frequency. However, the FESS should support the network by increasing its active power output according to its droop settings. Here, a 40% increase in power for every Hertz of frequency deviation is expected, as indicated in some European grid codes [27] . The results of the real-time simulation for this scenario has been shown in Fig. 5 . As illustrated, the FESS injects 20 kW to the network and reaches steady-state conditions in less than a cycle. By injecting active power to the grid, the DC link voltage will start to fall. However, the MSC controller immediately reacts and recovers the DC link voltage to the initial value. This is done by drawing q-axis current from the PMSM, which leads to negative electrical torque and decrease of flywheel speed. The FESS is initially fully charged at 15000 rpm. The speed of the flywheel starts to decrease, but because of the short observation time and the extremely high inertia of the rotor, only a slight decrease is observed in Fig 5. 
B. Voltage sag response.
Voltage sags with various depth of 5, 10, 15 and 20% have been simulated in AC grid. Such voltage dips are common and could be caused by faults in the high voltage networks or other parallel feeders [28] . For all the simulated cases, reactive power compensation by the FESS is shown in Fig. 6 , in which the voltage sags occurs at t=0.04 s. The comparison of the critical load voltage with and without the FESS for the 20% voltage sag is shown in Fig. 7 , while the detailed results of the same scenario are illustrated in Fig. 8 . Since only reactive power injection is required in this scenario, there are no significant changes in the flywheel speed, as seen in Fig. 8 . Here, the FESS acts similar to a static compensator (STATCOM). Only a small active power is provided by the FESS to compensate for the on-state losses of the converter and other components.
As shown, the results of the real-time simulation have an acceptable match with the non-real-time simulations in both transient and steady-state values. Moreover, the high-speed FESS can effectively maintain the voltage of the critical loads and contribute to frequency regulation in a very fast manner.
C. Possible Applications.
The real-time simulation enables the interaction of the model with a hardware. Therefore, a controller prototype for FESS can be designed and built and its effectiveness in controlling of the FESS can be tested with the real-time model in a HIL platform. The real-time model together with a current source amplifier can make up a FESS emulator.
New PMSMs can also be tested via this platform. However, in case of hardware integration, the overheads should be added in the simulation step size. 
CONCLUSION
In this paper, a High-speed Flywheel Energy Storage System (FESS) with HTS bearings has been modeled in detail and simulated in real-time. A controller design based on the required ancillary services required in the LV network has been suggested. The high-speed FESS is shown to be fast and effective in supporting the grid voltage and frequency during disturbances. The results of the real-time simulation have been verified by non-real-time simulations and a good match in the transient behavior of the system has been observed. The real-time simulation not only excels the speed of the simulation, but also enables the interaction of the model with real hardware. Such a platform can later be used for testing and prototyping of different controller design, as well as acting as the base case for PHIL simulation of FESS.
